Soil disturbance is great problem and the evaluation of soil disturbance is very important for making decisions on agricultural and ecological management. In this manuscript, a new method for potentially evaluating soil disturbance is described. With this method the use of two indicators called "Disturbance Factor Simple (DFS)" and "Disturbance Factor Complex (DFC)" are calculated using soil parameters that are sensitive to soil disturbance. For illustration of the methodology, a small computation was made using data collected from an experiment conducted at Fort Riley, KS, USA. Input data for computation included four soil parameters: Nitrogen, Carbon, Calcium, and Copper. The results of computation of DFS showed the maximum values were observed in the topsoil (0-10cm). With increasing depth, the DFS values decrease. The values calculated for Ca indicated that this DFS would be the most sensitive, while the DFS for copper would be more sensitive with increasing soil depth. The results of the computations of DFC showed that the DFCs at soil depths of 0-10 and 10-20 cm were very similar for all variants used in this research. However, at a soil depth of 20-30 cm, the DFCs calculated for variant 3 was more sensitive, likely because it increased the importance of copper DFS in the calculations.
Introduction
Soil disturbance is a detrimental process on soil quality which results from displacement of soil with heavy equipment activities on the soil surface. The impact of heavy equipment can cause rutting and soil compaction, and even small levels of soil disturbance can result in soil surface erosion and soil mass movement. This commonly leads to loss of surface organic matter and a reduction in soil quality. There has been a lot of research published related to soil disturbance (Bartens et al., 2008; Gabriels et al., 1997; Gregory et al., 2006; Reeves, 2011 ; Soil quality criteria relative to disturbance and reclamation, 2004; Hazard assessment keys for evaluating site sensitivity to soil degrading processes guidebook, 1999; Torbert & Gebhart, 2012) . For example, soil tillage has been shown to induce loss of soil strength, with soil loosening inevitably bringing a greater risk of subsequent soil compaction (Gabriels et al., 1997) . In other research, Gregory et al. (2006) showed that reduced macro-pore-space resulted in poor infiltration, which can result in excess puddling and/or increased rates of runoff and runoff volume.
In addition to agricultural activities, equipment used in forest can result in soil disturbance. Timber harvest activities result in varying levels of soil disturbance and high-impact harvest techniques, such as ground-based harvest systems, can result in changes in soil physical, chemical, and biological properties. A decision support tool identifying risks associated with ground-based timber harvesting in northwest Montana, USA was developed by Reeves (2011) . With this tool, equations can be used to predict the areal extent of detrimental soil disturbance from timber harvest, resulting in a geospatial map. On the other hand, tree roots can penetrate highly compacted soil (1.6 g cm-3 clay loam) and increase infiltration rates under experimental conditions (Bartens et al., 2008) .
Evaluations of soil suitability are made by considering the interaction of various soil properties and characteristics to give an overall rating of the degree of suitability. The four categories of suitability as described by "Soil quality criteria relative to disturbance and reclamation" (2004) are given as follows:
1. Good (G) -None to slight soil limitations that affect use as a plant growth medium.
2. Fair (F) -Moderate soil limitations that affect use but which can be overcome by proper planning and good management.
3. Poor (P) -Severe soil limitations that make use questionable. This does not mean the soil cannot be used, but rather careful planning and very good management are required.
4. Unsuitable (U) -Chemical or physical properties of the soil are so severe reclamation would not be economically feasible or in some cases impossible.
The regulations require that the procedures to determine the soil compaction hazard, the soil displacement hazard, and the soil erosion hazard has been fulfilled (Hazard assessment keys for evaluating site sensitivity to soil degrading processes guidebook, 1999).
However, soil properties used to measure the impact of soil disturbance can be very variable between soil types and individual locations. Torbert & Gebhart (2012) showed that some combinations of soil variables or ratios between them might be more stable indicators of soil disturbance across wide geographic and edaphic ranges than single soil variables. Research in this area led to the development of several small scale validation tests involving the concept of top to total ratios, total to soluble ratios, and leachable to non-leachable elemental ratios for various soil components.
Differences between disturbed and undisturbed treatment groups were often evident at depths of 20-40 cm, indicating substantial soil inversion, displacement, or mixing. Soil C concentrations were always negatively impacted in the disturbed treatment group soils, indicating that C might also be a reliable indicator of disturbance, especially when used in a ratio with another elements that accumulate in undisturbed surface soil horizons (Torbert & Gebhart, 2012) .
Currently, there is no common method consistently applied to determine the level of soil disturbance resulting from management activities. This is largely due to the difficulty in assessment of different soil criteria to interpret the impact of soil disturbance. Recently, several models of fuzzy indicators have been developed to address a variety of questions and problems related to land evaluation (Kurtener & Yakushev, 2014) . These include models for soil survey and land evaluation (Burrough, 1986 (Burrough, , 1989 Burrough et al., 1992) , fuzzy reliability assessment of differences between resistance of ecosystem and anthropogenic load (Bogardi et al., 1996) , managing fuzzy indicators (Krueger-Shvetsova & Kurtener, 2003) , and land suitability indices for cropping systems (Baja 2002 (Baja , 2007 . Also, fuzzy indicator models have been successfully applied for the evaluation of yield maps (Krueger et al., 2010) , evaluation of agricultural land suitability , assessment of soil quality , evaluation of resources of agricultural lands (Torbert et al., 2009) , and zoning of an agricultural field (Kurtener et al., 2011) . In this paper, fuzzy indicator modeling was applied for the evaluation of soil disturbance. The theoretical outputs are illustrated using experimental data (Torbert &. Gebhart, 2012) .
Material and Method

Experimental data
In this research, the data used for the development of the computer simulation was obtained from an experiment conducted by Torbert & Gebhart (2012) . The experiment was located in two climatically different regions of the United States on military training installations located in Fort Benning, Georgia and Fort Riley, Kansas. The site selection included locating areas of potential archaeological importance that may be sensitive to soil disturbance. The experiment entailed the selection of four sites at each installation to ensure a wide variability range in topography, soil chemistry, soil texture, and plant community type. Each site was surveyed to provide a floristic species and foliar cover inventory and evaluated for obvious mechanized maneuver training disturbances (vehicle ruts and tracks, disturbed/flattened vegetation communities, compacted staging areas, etc.). With this survey, the sites were sub-divided based on the level of training disturbance and the presence of potential archaeological importance. This arrangement provided essentially four treatments per site: (1) archaeological site with no training disturbance, (2) archaeological site with obvious training disturbance, (3) non-archaeological site with no training disturbance, and (4) non-archaeological site with obvious training disturbance. The non-habitation site areas were contiguous or adjacent to archaeological sites, but were not archaeological sites per se.
Experimental details are described in Torbert & Gebhart (2012) , and are described briefly here. For each selected experimental site and each treatment group, soil samples were collected from six soil cores (8-cm diameter). All cores were collected to a minimum depth of 65 cm and then divided into soil depths of 0-10, 10-20, 20-30, and 30-50 cm. Each core was collected using a butyrate probe liner for stability, ease of transport, and ease of sub-dividing. Cores were sub-divided into 5-cm increments, dried at 55 C, and processed to pass through a 0.15-mm mesh screen. Total N and C concentrations were determined using a LECO Truspec (Swift, 1996) . Soil pH was measured with a Robotic pH meter (AS-3000 Dual pH Analyzer, LabFit, Burswood, Australia) using a 1:1 soil/solution ratio (0.01 M CaCl 2 ) (Kissel et al., 2009) . Soil lime buffer capacity and cation exchange capacity (CEC) were measured with Ca(OH) 2 titration (Kissel et al., 2007) . Soil samples were extracted using Mehlich extractants (Mehlich, 1984) and measured by an inductive coupled plasma spectrophotometer (Eviro I ICAP Spectrometer, Thermo Jarrell-Ash, Franklin, MA) for Al, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, and Zn. Soil samples were also processed to determine total digestible elements using HNO 3 Microwave Digestion procedures (EPA Method 3051) on a CEM Mars5 digester (CEM Corporation, Matthews, NC). Soil digest samples were analyzed for total P, K, Ca, Mg, S, Mn, Fe, Al, B, Cu, Zn, Na, Ni, Pb, and Cr using an inductive coupled plasma spectrophotometer (EPA Method 200.7). A Fragment of experimental data is given by Table 1.
Definition of disturbance factor
The fuzzy indicator modeling methodology allows for systematically analyzing data or information that is greatly different in nature. Factors can be elaborated on the combination of quantitative and qualitative information. Usually, qualitative information is experimental data in numerical forms, while qualitative information is developed from opinions of experts Torbert et al., 2014) and is based postulates. In this paper, fuzzy indicator modeling was applied for the evaluation of soil disturbance. In general, soil disturbance was evaluated using two indicators: Disturbance Factor Simple (DFS) and Disturbance Factor Complex (DFC).
Disturbance Factor Simple
The main postulates for developing the soil DFS in this study were formulated by defining the DFS as a number falling in the range between 0 and 1, and was modeled by an appropriate membership function. The DFS reflects soil parameters which are affected by soil distrubance. In this study, DFS was modeled by an increasing piecewise-linear membership function, which can be presented as follows:
where P is a soil parameter, P n is the soil parameter on site in natural conditions (no training disturbance) (P min, n ≤ P n ≤ P max, n ), P d is the soil parameter on site with training disturbance (P min, d ≤ P d ≤ P max, d ), P min is the minimal value, P max is the maximal value, and Y is an absolute value (modulus) of y. If the DFS is equal to 1, then there is a maximum disturbance impact, according to the soil measurements parameter P. If the DFS is equal to 0, then the site after training and the site in natural conditions are the same for this soil parameter. Therefore, the numerical value of DFS falling between 0 and 1 will reflect the relative importance of the parameter to the level of soil disturbance. 
Definition of Disturbance Factor complex (DFC)
When multiple parameters are available for the analysis, an assessment of combined effect of several DFS can be made with the use of fuzzy aggregation algorithms. In this study, weighted averages were utilized to combine several DFS as written:
where w i is aa weighted coefficient of the significance of DFS i ; Σw i = 1, 0 ≤ w i ≤ 1; 1 ≤ i ≤ n; i is an index.
The development of a decision maker matrix was selected from four soil parameters of the experimental data for evaluation of soil disturbance (Torbert & Gebhart, 2012) . The data used was from the experimentation area of Fort Riley, KS, USA (Table 2) . From this data, the computations of Disturbance Factor Simple (DFS) and Disturbance Factor Complex (DFC) were made. The values of the weighted coefficients are related to the significance of the soil parameters as affected by distrubance. In the framework of this method, the imporatnce of the soil paramates were evaluated by an expert panel and the weighted coefficients were determined from their input Torbert et al., 2014) . The estimated that carbon as very important soil parameter, while nitrogen was not greatly affected by disturbance and therefore was estimated as a soil parameter with much less importance. The panel regarded the roles of Calcium and Copper to be weakly impacted from soil disturbance. However, while the expert opinions were in general agreement, they were different in details. Therefore, three variants of how these parameters should be weighted were defined for the computations. To examine the potential impact of the different variants to the decision maker, all three variants were used in computations of the data. The specific weight values used for each soil parameters used for each of the variants for the computations are shown in Table 3 . Treatment: A/D -archeological disturbed; A/U -non-archeological disturbed
Results and Discussion
The theoretical outputs of DFS resulting from the computations of this hypothetically situation are given in Table 4 . The table clearly indicates that the importance of the DFS is impacted by soil depth. In all cases, the DFS calculated at the 0-10 cm depth was much greater than those calculated at deeper soil depths. This is not surprising considering the fact that all soil disturbance is initiated from the soil surface and will have varying level of impact through the soil profile. The DFS-s calculated for soil depths below 20 cm are very small indicating that they would be relatively insensitive to soil disturbance at these deeper depths. Surprisingly, the DFS calculated for Ca was larger compared to the other DFS-s at the 0-10 and 10-20 cm depths. This indicates that Ca may be the most sensitive soil parameter measurement to use to assess the impact of soil disturbance at the soil surface. The DFS calculated for copper was much smaller relative to the others at the soil surface, indicating that it would be much less sensitive to changes due to soil disturbance. On the other hand, the DFS for copper was much more consistent with soil depth. In fact, the values calculated for copper at the 20-30 was much greater that the other DFS-s, clearly indicating that it would be much more sensitive to soil disturbance at this deeper depth compared to the other soil parameters. Therefore, the results indicate that the DFS for copper would be the measurement of preference when assessing soil disturbance in the subsoil. The results of the computation of DFC are given in Table 5 . As with the calculated values for the individual DFS, the effectiveness of the DFC to distinguish soil disturbance was influenced by soil depth. At the 0-10 depth, the calculated DFC was relatively high and would clearly indicate soil disturbance. While much lower, the DFC at the 10-20 cm depth would also clearly distinguish soil disturbance. But below 20 cm, the calculated DFC was very small. Surprisingly, the differences between variants was very small, especially at the 0-10 and 10-20 cm depth. This was likely because while the individual DFC components were different, there was a consistency in the actual capacity of each DFS to measure soil disturbance. The result was that there was very little difference in giving different weights to the DFS-s. However, there was an exception to this consistence at the 20-30 cm depth. At this depth, variant 3 was much higher compared to the other 2 variants. This was likely due to the increased weight that was given to the copper DFS in this variant compared to the others. As was observed earlier, the copper DFS was much better at distinguishing soil disturbance at the 20-30 cm depth than the other DFS-s. Therefore, the increase weight given to this component in variant 3 allowed this DFC to be more sensitive to soil disturbance at this depth. This indicates that the DFC may be tailored to be more sensitive to specific areas of concern, i.e., if measuring soil disturbance at depth is important then increased weight on copper would be warranted. 
Conclusion
Soil disturbance is great problem and the evaluation of soil disturbance is very important for making decision on agricultural and ecological management. However, variability in soil not only across soil types, but within soil types makes assessing soil disturbance very difficult. In this manuscript, we elaborate on the development of a new method for potentially evaluating soil disturbance. With this method the use of two indicators called "Disturbance Factor Simple (DFS)" and "Disturbance Factor Complex (DFC)" is suggested. The DFS is defined as a number in the range from 0 to 1, and modeled by an appropriate membership function. It reflects measured soil parameters which are affected by soil disturbance. In this study, DFS is modeled by an increasing piecewise-linear membership function. The DFC is calculated by combining individual DFS components using fuzzy aggregation algorithms. Using DFC it is possible to assess the combined effect of several DFS to improve the sensitivity of measuring potential soil disturbance impacts. For illustration of the application of the suggested methodology, a small computation was made using data collected from an experiment conducted at Fort Riley, KS, USA. Input data for computation included four parameters: Nitrogen, Carbon, Calcium, and Copper. The results of computation of DFS showed the maximum values were observed in the topsoil (0-10cm). With increasing depth, the DFS values decrease. The values calculated for Ca indicated that this DFS would be the most sensitive, while the DFS for copper would be more sensitive with increasing soil depth. The results of the computations of DFC showed that the DFCs at soil depths of 0-10 and 10-20 cm were very similar for all variants used in this researches. However, at a soil depth of 20-30 cm, the DFCs calculated for variant 3 was more sensitive, likely because it increased the importance of copper DFS in the calculations. More research is needed to examine more soil parameters and further develop this methodology for evaluation of soil disturbance.
